137 Cs released during 1954 -1974 from nuclear production reactors on the Savannah River Site, a US Department of Energy nuclear materials production site in South Carolina, contaminated a portion of the Savannah River floodplain known as Creek Plantation. 137 Cs activity concentrations have been measured in Creek Plantation since 1974 making it possible to calculate effective half-lives for 137 Cs in soil and vegetation and assess the spatial distribution of contaminants on the floodplain. Activity concentrations in soil and vegetation were higher near the center of the floodplain than near the edges as a result of frequent inundation coupled with the presence of low areas that trapped contaminated sediments. 137 Cs activity was highest near the soil surface, but depth related differences diminished with time as a likely result of downward diffusion or leaching. Activity concentrations in vegetation were significantly related to concentrations in soil. The plant to soil concentration ratio (dry weight) averaged 0.49 and exhibited a slight but significant tendency to decrease with time. The effective halflives for 137 Cs in shallow (0-7.6 cm) soil and in vegetation were 14.9 (95% CI = 12.5-WSRC-MS-2007-00235 2 17.3) years and 11.6 (95% CI = 9.1-14.1) years, respectively, and rates of 137 Cs removal from shallow soil and vegetation did not differ significantly among sampling locations. Potential health risks on the Creek Plantation floodplain have declined more rapidly than expected on the basis of radioactive decay alone because of the relatively short effective half-life of 137 Cs.
soil on and near Pacific islands contaminated by nuclear testing (Noshkin et al. 1997 , Robison et al. 2003 and at nuclear material production sites in the United States (Bagshaw and Brisbin 1984 , Paller, et al. 1999 , Peles et al. 2000 , Peles et al. 2002 . Such work contributes information needed to intelligently plan for the long-term disposition of contaminated sites because it facilitates accurate projections regarding future risks of radiological contaminants to humans and other organisms. In the United States this information is likely to be of particular importance at Department of Energy (DOE) nuclear facilities where the focus has changed from production to remediation of contaminated land and facilities. 137 Cs released over 30 years ago from reactors on the Savannah River Site (SRS), a DOE nuclear site in South Carolina, contaminated a portion of the Savannah River floodplain. 137 Cs concentrations in floodplain soil and vegetation have been periodically measured in the contaminated area creating an opportunity to assess long-term changes in 137 Cs on the floodplain of a major river in a warm-temperate zone environment. Previous studies of this type have involved cool-temperate zone rivers (Kryshev et al. 1998 , Aarkrog et al. 2000 , Linnik et al. 2005 or smaller streams (Gladden et al. 1985) . The objectives of this study were to evaluate the spatial distribution of 137 Cs on the floodplain and determine the effective loss-rates for 137 Cs in floodplain soil and vegetation.
METHODS AND MATERIALS

Study area
The SRS is an 800 km 2 reservation established in 1951 for the production of nuclear materials. It is located on the upper coastal plain of South Carolina near Aiken, South Carolina (USA). By 1955 there were five functioning nuclear reactors on the SRS. WSRC-MS-2007-00235 5 Cooling water for the reactors was withdrawn from the Savannah River and released into cooling reservoirs or into streams that returned the water to the river after traveling through an extensive floodplain swamp contiguous with the river (Figure 1 ).
Approximately 10.35 TBq of 137 Cs were discharged down Steel Creek from 1954-1974, mostly from P Reactor in the early 1960s. Water from Steel Creek flowed through the floodplain swamp when river levels were high, resulting in the deposition of radioactive materials between Steel Creek Landing and Little Hell Landing (Figure 1 ).
Contamination of the floodplain occurred when the Savannah River stage exceeded 27.5 m mean sea level, which occurred approximately 21.5% of the time during 1954 -1974 (Fledderman et al. 2007 ).
Part of the floodplain swamp affected by Steel Creek discharge lies in Creek
Plantation, a privately owned area along the Savannah River on the southeastern border of the SRS. The portion of floodplain swamp within Creek Plantation is uninhabited, difficult to access, and is used as wildlife habitat and for occasional private hunts. Land elevations within the Creek Plantation floodplain are mostly about one to three meters higher than the river channel and rise near the landward border of the swamp, which is formed by a natural terrace. Sloughs and ponds occur in lower areas. The Creek Plantation floodplain swamp is forested by bald cypress Taxodium distichum and water tupelo Nyssa aquatica in wetter areas and by bottomland hardwoods at higher elevations.
The soil group on the Savannah River floodplain is referred to as the Chastain-Tawcaw-Shellbluff Association (Wike et al. 2005) . Chastain soils, which compose 60% of the association, are poorly drained and contain substantial clay. Tawcaw soils, about 20% of the association, are somewhat better drained and contain a combination of clay and loam.
Shellbluff soils, the smallest component at 15%, are well drained and composed mostly of loam.
Field methods
Ten trails were established through the Creek Plantation swamp in the early 1970s for the collection of soil and vegetation samples. Each trail consisted of a transect extending perpendicularly from the swamp margin to the Savannah River, except for Trail 3, which ran across the neck of a narrow peninsula formed by a loop of the Savannah River ( Figure 2 ). With the exception of Trails 3 and 10, the trails ranged from 728 to 975 m in length and each had five to eight fixed sampling locations extending from near the river channel to near the swamp margin, although not at consistent intervals because of obstacles (such as ponds) that prevented sampling in some areas. Trail 3 had three sampling locations over 626 m and Trail 10, a very short trail where the floodplain was narrow, was 73 m long with three sampling locations.
Shallow (to a depth of about 7.6 cm) soil samples were collected from all sampling locations. In addition, core samples were collected at eight locations (one each near the middle of the floodplain on Trails 1, 3, 4, 5, 7, 8, 9, and 10) to evaluate the vertical distribution of 137 Cs in soil. Four samples in 7.6 cm increments were collected to a total depth of about 30.5 cm at these sites. Living herbaceous vegetation was also collected from the sampling locations. Bermuda grass (Cynodon dactylon) was collected when possible, but typical hydrophytic species of regional wetlands and floodplains were collected where Bermuda grass was unavailable. These species usually included members of the cut grass family (Leersia spp.) and sedge family (e.g., Cyperus spp.). -MS-2007-00235 7 Soil and vegetation samples were dried for radiological analysis. Foreign matter (stones, twigs, etc.) was removed, and the remaining material was ground to pass through a #10 sieve and placed into a standard calibrated geometry (typically 200 or 500 g). 1974 -1977 , 1982 , 1985 -1991 , 1993 , 1994 , 1996 , 2000 -2002 , 2004 , and 2005 (see Fledderman et al. 2007 for a detailed sampling history). The median number of years in which shallow soil samples were collected from each sampling location was nine with a maximum of 20 and minimum of three. Comparable values for vegetation samples were seven with a maximum of 16 and minimum of two. Soil cores for assessment of the depth distribution of 137 Cs were collected in 1976, 1990, 1996, 2000-2002, 2004, and 2005. Other radionuclides besides 137 Cs were present in environmental media collected from the Creek Plantation floodplain. However, 137 Cs accounted for most of the radiation dose and is the subject of this paper.
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Data analysis
The effective loss rate constant (λ e ), as used in this paper, subsumed all processes Two approaches were used to investigate temporal changes in 137 Cs activity concentrations on the Creek Plantation floodplain. The first was to compute individual loss rate constants for each sampling location. The second was to combine the data from all sampling locations in analysis of covariance (ANCOVA) models that included time as a covariate. An advantage of the latter approach was that it made it possible to test the significance of spatial variables that could affect rates of 137 Cs change over time.
Interaction terms were used to test for homogeneity of slopes in the ANCOVA models, and non-significant interaction terms were excluded from final model runs (Engqvist 2005) . Variables included in each model will be discussed in detail in the Results. 137 Cs data were positively skewed necessitating logarithmic transformation to better adhere to the assumptions of ANCOVA. Means presented in this paper are geometric means with confidence intervals computed as shown in Sokal and Rohlf (1995) . cm ranged from 0.02 to 19.52 Bq/g with a geometric mean of 0.49 (95% CI = 0.28 -0.88) Bq/g when the study began in 1974/1975, (Table 1) . At the end of the study in 2005, 137 Cs concentrations ranged from <0.01 to 2.21 Bq/g with a geometric mean of 0.11 (95% CI = 0.06-0.21) Bq/g. Activity concentrations decreased over time at all sampling locations except two (Table 1) . The median percentage decrease for all locations was 81% over the duration of the collection period, which ranged from 16 to 31 years depending upon the sampling location (average of 29 years) (Table 1) .
Only about half of the sampling locations (28 of 54) were characterized by statistically significant (P<0.05) regressions of log transformed 137 Cs activity concentrations on year, despite the fact that 137 Cs activity concentrations decreased at nearly all sites (Table 1) . Regression slopes for locations with significant regressions ranged from -0.086 to -0.035 (Table 1) , yielding ecological half-lives for 137 Cs in soil ranging from 8.1 to 19.6 years. Most slopes had large confidence intervals due to high variability among measurements relative to sample size (i.e., low statistical power), a factor that also contributed to the absence of significant regressions at some locations with large overall decreases in 137 Cs (Table 1 ). The significance of regression slope differences among locations was tested using ANCOVA with 137 Cs activity concentration as the dependent variable, year as the covariate, and sampling location as the categorical variable. The interaction between sampling location and year (i.e., heterogeneity of slopes) was not significant (F=0.875, df = 53, P=0.718), indicating that the null hypothesis of equal rates of 137 Cs decrease at all locations could not be rejected given the available sample sizes. A follow-up ANCOVA without an interaction term showed that year and location each had highly significant effects on the 137 Cs concentration (F=32.31, df = 53, P<0.001; and F=141.02, df = 1, P<0.001; respectively). Spatial effects were explored in greater detail with a more complex ANCOVA that included the independent variables of trail (categorical), year (continuous), distance from the Savannah River (continuous), and quadratic effects for distance. The quadratic term was included to evaluate possible nonlinear effects of distance on 137 Cs activity concentrations. Since an objective of this analysis was to determine how 137 Cs distribution varied from the river bank to the upper edge of the floodplain, transects 3 and 10 were excluded because of atypical orientation (transect 3) or length (transect 10).
Spatial differences in the rate of 137 Cs decrease over time would be manifested as significant interactions between trail and year, between distance and year, or among trail, distance, and year in this model. None of these effects were significant (at P<0.05), thus agreeing with the results of the previous ANCOVA. Significant factors included year, distance from the river, the quadratic effect for distance, and the interaction between trail and distance ( Table 2 ). The significance effects for distance resulted from higher 137 Cs activity concentrations at intermediate distances from the river and lower concentrations near the river and the upper edge of the floodplain (Figure 3 ). The interaction between trail and distance indicated that differences among trails varied with the distance from the river. The model R 2 was 0.55 indicating that slightly over half of the variance in soil 137 Cs activity concentrations was explained by the terms in the model.
Because the preceding ANCOVAs indicated that reductions in 137 Cs over time did not differ spatially, 137 Cs data from all sampling locations were combined to compute a single overall decay rate for 137 Cs in soil for the entire Creek Plantation area. The regression slope of -0.037 was highly significant (P<0.001), and the 95% confidence limits for the regression line were narrow reflecting certainty regarding the overall trend of decrease ( Figure 4 ). However, the R 2 was low (0.038) because of uncontrolled spatial variation in the model. Also, the model results were biased because a spatially nonrandom subset of locations was sampled during some years. To correct these problems, residuals were derived from a model with sampling location as the independent variable and log e transformed concentration as the dependent variable. These residuals (representing concentrations with location related variance removed) were regressed on year to yield an R 2 of 0.229 (P<0.001) and regression coefficient of -0.047 (95% CI = -0.054 --0.039). The effective half-life for Creek Plantation soil computed from this slope was 14.9 years (95% CI = 12.5 -17.3 yrs).
ANCOVA of the soil depth data collected at eight sampling locations between 1990 and 2005 indicated that 137 Cs concentrations differed significantly with soil depth (Table 3) . Concentrations were generally highest in the 0-7.6 cm soil stratum, but depth related differences decreased with time ( Figure 5 ). Additional data indicating a decrease in depth related differences over time was provided by a single set of measurements from 1976. 137 Cs activity concentrations at a depth of 0-7.6 cm were 79 times higher than at a depth of 22.9-30.5 cm in 1976 but only 13 times higher in 1990 and three times higher in 2005.
137 Cs in vegetation
Activity concentrations of 137 Cs in vegetation ranged from 0.02 to 8.70 Bq/g with a geometric mean of 0.12 (95% CI = 0.07 -0.21) Bq/g at the start of the study in 1974 ( (Table 4) . Slopes for these regressions ranged from -0.26 to 0.06. Most of the half-lives calculated from these slopes ranged from 3.4 to 8.3 years, although one was 23.2 years. Like the soil regressions, the vegetation regression slopes had large confidence intervals as a consequence of high variability among measurements relative to sample size -a problem that also contributed to a lack of significant regressions at many locations. Despite these differences, ANCOVA with 137 Cs activity concentrations in vegetation as the dependent variable, year as the covariate and sampling location as the categorical variable indicated that the rate of decrease in 137 Cs concentration over time did not differ significantly (F=1.300, df = 53, P=0.093) among sampling locations (i.e., the slopes were not heterogeneous), paralleling results with the soil data.
Like the soil data, spatial differences in the rate of decrease in 137 Cs in vegetation over time were explored further with a more complex ANCOVA that included the independent variables of trail (categorical), year (continuous), distance from the Savannah River (continuous), and quadratic effects for year and distance. Interactions between year and trail and between year and distance were not significant showing that the rate of 137 Cs decrease in vegetation over time did not significantly differ among sampling locations (Table 5 ). Significant factors included year, the interaction between trail and distance and distance from the river. These results generally paralleled the results for soil, including the tendency for activity concentrations to be higher at intermediate distances from the river. The R 2 for the vegetation ANCOVA model was 0.39, which was somewhat lower than the R 2 for the soil ANCOVA model (0.55).
Because reductions in 137 Cs over time did not differ significantly among sampling locations, 137 Cs data from all sampling locations were pooled to compute an overall ecological half-life for vegetation as done with soil. Like the comparable soil model, the regression coefficient of -0.052 was highly significant (P<0.001), but the R 2 was low (0.059) because of spatial variations in activity concentrations ( Figure 6 ). As with soil, 137 Cs concentrations were replaced with residuals from a model with sampling location as the independent variable and concentration as the dependent variable. These residuals were regressed on year yielding an R 2 of 0.18 (P<0.001) and a regression coefficient of -0.060 (95% CI = -0.073 --0.047). The ecological half-life for Creek Plantation vegetation computed from this slope was 11.6 (95% CI = 9.1 -14.1) years.
Linear regression showed that 137 the Creek Plantation floodplain. The average CR of 0.45 was higher than typical for soils with moderate to high nutrient levels and pHs but not exceptional for other types of soils (Frissel et al. 2002) . Considerably higher CRs have been reported for cattails Sagittaria latifolia in the Steel Creel delta (3.1) and for wetland (14.9) and terrestrial (8.1) vegetation growing on the exposed lake bed of Par Pond, a contaminated reservoir that was partly drained (Pinder et al. 1980 , Hinton et al. 1999 . Although the uptake of 137 Cs by plants is affected by 137 Cs concentrations in soil (Pinder et al. 1980 , Absalom et al. 2000 , other factors are also important including soil clay and organic matter content, the exchangeable potassium concentration, pH, cation exchange capacity, species-specific physiological differences, and other factors (Hinton et al. 1999 , Absalom et al. 2000 . However, much longer and shorter half-lives have been reported for vegetation collected from soils in Europe that were contaminated by fallout from Chernobyl (Pröhl et al. 2006) , indicating that differing environmental conditions can result in large differences in the rate at which 137 Cs is removed from ecosystems. Another factor that can affect effective half lives is the time since contamination. Processes that determine radionuclide transfer shortly after contamination has occurred result in more rapid losses than those that prevail later (Smith et al. 1999) .
The effective half-life of 137 Cs in Creek Plantation vegetation (11.6 years) was somewhat shorter than in Creek Plantation soil (14.9 years). This could have resulted from decreases in the bioavailability of 137 Cs as a result of stronger binding in the soil over time, a hypothesis supported by decreases in soil to plant CRs over time, although CR variability was substantial and the rate of decrease slow (Figure 8) . A reduction in the availability of 137 Cs and other radionuclides to plants over time has been observed in other studies (Noordijk et al. 1992) . Hinton et al. (1999) showed that 137 Cs activity concentrations in plants growing on the exposed sediments of Par Pond decreased more rapidly than activity concentrations in soil. Extractions of sediment samples with ammonium acetate indicated a decrease in the availability of 137 Cs during their three year study. Knox et al. (2001) performed sequential extractions on wetland sediments from the SRS contaminated over 30 years earlier and found that 50 -85% of the 137 Cs was strongly bound to the soil and likely of limited availability to plants. WSRC-MS-2007-00235 20 The relatively short effective half-life of 137 Cs in the Creek Plantation floodplain implies that potential health risks associated with radiation exposure have declined more quickly than expected. These findings parallel those from other ecosystems and show that natural processes of recovery have the potential to restore radionuclide contaminated ecosystems more rapidly than can radioactive decay alone. Non-significant interaction terms were excluded from the model. 36 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 Geometric mean 
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